The BRCT region, the carboxyl-terminus of BRCA1 (the breast cancer susceptibility gene 1 product), is ubiquitous in several proteins that participate in cell cycle checkpoints and DNA repair. We have previously shown that the BRCT regions of TopBP1 (DNA topoisomerase II binding protein 1) and BRCA1 bound DNA breaks. A BRCT-related region, BRCT-W1, in the retinoblastoma susceptibility gene product (Rb) also could bind DNA fragments, independently of DNA sequences. Five BRCT-W regions were found in the Rb family. All BRCT-Ws of Rb bound DNA fragments. Electron microscopy and treatment with an exonuclease showed that BRCT-Ws bound double-strand DNA breaks. Since some BRCTs are exceptional common relating elements in tumor suppression, our ®ndings reveal novel aspects of the tumor suppression mechanism.
Introduction
The tumor suppressor BRCA1 (the breast cancer susceptibility gene 1 product) contains two BRCT (BRCA1 carboxyl-terminus) motifs (Koonin et al., 1996) . The BRCT regions are ubiquitous in several proteins involved in DNA repair (XRCC1, DNA ligase III and IV, etc.) and cell cycle checkpoints (Cut5/Rad4, RAD9, etc.) (Bork et al., 1997; Callebaut and Mornon, 1997) . Many BRCT regions can bind speci®c proteins that have related functions (described below), suggesting cooperative complex formation in DNA repair and cell cycle checkpoints. Involvement in DNA repair and in transcriptional events of BRCA1 may be consistently explained by transcription-coupled DNA repair (Gowen et al., 1998) .
Some BRCT regions are exceptional, common relating elements in the following tumor suppression phenomena.
(1) Truncation of the amino-terminal BRCT region of the Ect2 proto-oncoprotein induced its transforming activity (Miki et al., 1993) . (2) Some familial mutations of BRCA1 fell into the BRCT regions (Miki et al., 1994) . (3) The retinoblastoma susceptibility protein (Rb) family also contains a BRCT-related region (Bork et al., 1997) . (4) The 53BP1 protein with two BRCTs is the unique p53-binding protein that selectively binds the wild-type p53 tumor suppressor to its BRCTs (Thukral et al., 1994) . (5) p53 also bound the second BRCT of BRCA1 (Chai et al., 1999) . Thus, elucidating the common function of BRCT will be very important in the analysis of the tumor suppression mechanism.
Recently, it was shown that the BRCT regions of TopBP1 (DNA topoisomerase II binding protein 1) and BRCA1 bound double-strand DNA breaks (Yamane and Tsuruo, 1999) . TopBP1 possessed eight BRCT regions (Yamane et al., 1997) , three BRCTrelated regions, and was most similar to Cut5/Rad4, which regulates G1/S and G2/M checkpoints in ®ssion yeast (Saka et al., 1994) . The DNA break binding activity of these BRCTs suggests linkages to cell cycle checkpoints and to DNA repair. Involvement of some proteins with BRCTs, including Cut5 and RAD9 in budding yeast, in checkpoint regulation has already been established in vivo.
Rb is a nuclear phosphoprotein that is inactivated in retinoblastoma and other tumors (Lee et al., 1987) . The mechanism of the tumor suppressive function of Rb has been explained mainly by the interaction with E2F1, which can be released from Rb by phosphorylation to activate genes required for S phase (Weinberg, 1995) . However, this mechanism is still ambiguous, since mice lacking E2F1, which was expected to be oncogenic, developed tumors (Field et al., 1996; Yamasaki et al., 1996) . Rb also participated in cell cycle arrest induced by DNA damage (Harrington et al., 1998) . The sequence independent DNA binding activity of Rb was reported in the early stage (Lee et al., 1987) , and the region proposed to be located in residues 612 ± 928 , although biological role of the activity remains unknown. Therefore, elucidating the role may be important to analyse the function of Rb.
In this report, we studied whether a putative BRCTrelated region of Rb could bind DNA breaks. Since homology with original BRCTs was very weak, the region was only proposed tentatively (Bork et al., 1997) . The region bound double-strand DNA breaks (ends) and was designated BRCT-W1, since the Trp (W) residue was characteristic. We found that the Rb family contained ®ve BRCT-W regions, suggesting structural similarity to TopBP1, which contains eight BRCTs. All BRCT-Ws also bound DNA fragments. BRCT and its related region, BRCT-W, are the ®rst common structural and functional elements found in two major tumor suppressors, BRCA1 and Rb. Our results emphasize a horizontal relationship of tumor suppression linked with BRCTs, cell cycle checkpoints and DNA repair.
Results

The Rb family contains multiple BRCT-W regions
Since there are multiple BRCTs in many proteins, we searched the Rb family for other BRCT-W regions, and four were found (Figure 1a ). Two regions, W3 and W4 corresponded to one (residues 612 ± 775) of two sequence independent DNA binding regions (see also Figure 2a ) reported previously . The W box was most characteristic, with a hydrophobic Trp (W) residue and a short hydrophobic region at its C-terminal side. Even this W was not absolute, replaceable with other aromatic residues ( Figure 1a , W2 region of p130 and W4 regions). The K box contained Lys (K) and, occasionally, Tyr (Y), which we found here. The K box may be lacking in W0s. Divergence, insertion and deletion of the sequences were abundant in BRCT-Ws, as well as in the original BRCTs.
For comparison, other BRCT subfamilies are presented in Figure 1b and c. The original BRCT region contained G (Gly), W box and TH/VV box. The BRCT-G subfamily lacked the W box, and substituted an E (Glu) box. Reciprocally, the BRCT-W subfamily lacked G box (Bork et al., 1997) and TH/VV box, and contained a K box with a junction region¯exible in length at the C-terminal side.
The BRCT-W regions of Rb can bind DNA fragments independently of DNA sequences
To examine whether BRCT-W regions can bind DNA, BRCT-W regions (Figure 2a ) of Rb were synthesized in E. coli as GST (glutathione S-transferase) fusions. The GST-Ws were ®xed and puri®ed on glutathionesepharose beads (Figure 2b ). The ®xed proteins were incubated with 32 P-labeled DNA fragments of pUC19 digested with MspI and washed with the buer. The bound DNA was eluted with proteinase K digestion, and analysed with non-denaturing gel electrophoresis (a GST pull-down assay of DNA fragments). All BRCT-W regions, except W4, bound any pUC19 fragments (Figure 3a ), indicating that binding was not sequence speci®c. W4 also bound the small fragments, and labels were also found at the top of gel. The large DNA fragments (*500 bp) would not elute by protease digestion since W4 bound large fragments in the retardation assay ( Figure 3b) . A negative control, N1 that did not contain a BRCT region, showed no DNA binding activity (Figure 3a , lane 9).
W1 and W4 showed retardation activity in DNAs longer than 190 base pairs (Figure 3b ). W2-34-bound the shorter fragments in the retardation assay. W2 and Figure 1 Alignments of BRCT related and BRCT regions. Conserved residues were shadowed. Amino acid residue numbers are presented at each side. The numbers between the slashes are deleted residue numbers. (a) BRCT-W regions of Rb (Lee et al., 1987) , p130 (Li et al., 1993) and p107 (Ewen et al., 1991) were aligned.=: hydrophobic residues. &: hydrophilic residues. (b) Small parts of original BRCT regions in TopBP1 (Yamane et al., 1997) and BRCA1 (Miki et al., 1994) were presented for comparison. (c) Another subfamily, designated BRCT-G region whose G box is characteristic and conserved, was also presented for comparison. PARP is poly(ADP-ribose) polymerase (Kurosaki et al., 1987) W3 showed no, or weak, retardation activity. Shifted bands were smeared, and the major labels were occasionally detected at the top of the gel (Figure 3b , lanes 4 and 5), indicating that part of DNA-BRCT complex was very large. W0 showed only intermediate shifts, which were normally observed in the retardation assay ( Figure 3b, lane 8) . The negative control, N1, showed no retardation activity (Figure 3b , lane 9).
Electron microscopic images show binding of BRCT-Ws to termini of DNA fragments Electron microscopy was employed to obtain direct structural information of Rb protein-DNA complex. The W2-34-protein was incubated with DNA fragment (459 base pairs) of pUC19 and the mixture was ®xed with glutaraldehyde to stabilize the speci®c complex under low concentration compatible for electron microscopy. Figure 4 indicates rotary-shadowed images of the specimens. General views show various molecular species observed under such conditions. Among the complexes, majorities were the DNA fragments with the Rb portion at DNA end(s) (Figure 4a ). The averaged diameter of protein particles was estimated as 11 nm, suggesting that each particle representing W2-34-protein (molecular mass 72 000) might be most likely a dimer, though the possibility of monomer or trimer cannot be ruled out. A certain fraction of the complex had the particles of Rb portion at internal sites ( Figure 4b , major in lower panels), as was previously reported (de Vries et al., 1989) . Similar images of the complex were obtained with use of W1 region (Figure 4c ), instead of W2-34-region, though the frequency was less. In such case, the W1 protein particles must be multimeric, since the monomer (molecular mass 17 000) is hard to be recognized by a conventional rotary-shadowing technique as used here. Taken straightforward, this result indicates that a single BRCT-W region in a primary sequence might be sucient for the function, consistently with previous DNA-binding experiments.
BRCT-Ws inhibit exonuclease digestion of DNA fragments
To determine whether BRCT-Ws bound ends of DNA fragments through a biochemical method, we used exonuclease digestion. The DNA fragments were incubated with puri®ed BRCT-Ws on glutathione beads. The beads were washed, and the free fragments were added again in GST alone before digestion, as a control. Halves of these mixtures were then digested with exonuclease BAL31. The DNA fragments resisted (Hu et al., 1990; Huang et al., 1990; Kaelin et al., 1990) , DNA binding regions X and Y, and cleavage sites during apoptosis were also indicated. (b) GST fusions were induced in E. coli and were ®xed and puri®ed on glutathione-sepharose beads. Proteins were eluted with reduced glutathione. Polyacrylamide (5 ± 20%) gradient gel electrophoresis was performed (Laemmli, 1970) , and the gel was stained with Coomassie blue. The amount of each expression varied Figure 3 GST-BRCT-Ws can bind DNA fragments. (a) GST pull-down assay with ®xed GST fusions (Fixed). The labeled DNA fragments of pUC19 digested with MspI (20 pg) (input, applied 50% of other lanes) were incubated with GST fusions ®xed on the beads. The mixtures were washed, and DNA was eluted with proteinase K digestion and then applied on the nondenaturing gel (7% polyacrylamide, 0.24% N, N'-methylenebisacrylamide). (b) Gel retardation assay with eluted GST fusions (Eluted). The GST fusions eluted from the beads were incubated with DNA fragments and applied directly onto the nondenaturing gel digestion in the presence of the BRCT-W regions ( Figure 5a , lanes 6 ± 8). These results indicate that, at least, a portion of the BRCTs bound the ends of DNA fragments resulting from DNA breaks.
The GST-BRCT-W1 region bound linearized pUC19 DNA with any termini created by restriction enzymes, EcoO109I (5' protruding ends), SmaI (blunt ends), and PstI (3' protruding ends) ( Figure 5b ). The independence from terminal forms, including blunt ends, was also observed in Ku DNA end binding protein (Mimori and Hardin, 1986) . BRCT-W1 and W4 did not bind circular DNA. W2, W3 and W0 showed the binding activity to the circular DNA. Adding ATP, GTP, CTP and UTP did not stimulate binding ( Figure  5c ). All results in Figure 5 were similar to those of BRCT regions in TopBP1 and BRCA1 (Yamane and Tsuruo, 1999) . White arrows and white arrowheads indicate uncomplexed W2-34-protein and DNA fragment, respectively. Black on white arrowheads exhibit the protein particles attached to either one or both ends of DNA fragments. Though such images were predominant in the ®eld, a certain fraction of the protein molecules were translocated internally (double arrowhead) as was reported previously (de Vries et al., 1989) . (b) Gallery of selected particles of DNA-W2-34-protein complex observed in the same replica as above. The number and the location of the proteins on each DNA fragment were variable, though the majority showed single-site binding at the end, possibly because of very low concentration needed for electron microscopy. Note the diameter of the protein particles is relatively homogenous. (c) Gallery of selected particles of DNA-W1 protein complex. The size of the protein particles associated with DNA was variable but sometimes was almost comparable to those shown in (a), which suggests that W1 could possibly form oligomers. Some of DNA fragments seemed to be complexed with smaller-sized particles (data not shown), which might constitute of less number of W1 whose molecular mass is 17 000. Scale bars indicate 0.1 mm both in a, and in b/c (common), respectively Protein containing pockets A and B produced in Escherichia coli is correctly folded to bind a viral polypeptide A GST fusion with pocket regions A and B produced in E. coli was shown to be correctly folded to bind an LXCXE peptide, and the structure with the peptide was determined by X-ray crystallographic analysis (Lee et al., 1998) . To con®rm correct folding of the GST-W2-34-protein used here, we examined the binding activity of the protein mediated by the LXCXE sequence. The GST-W2-34-protein bound the puri®ed large T antigen of the simian virus 40 containing the LXCXE sequence (Figure 6a) .
To examine the eect of DNA binding on Rb to T antigen binding, DNA fragments were added to the ®xed GST-Pocket. No eect of DNA addition was observed (Figure 6b, lanes 4 and 5) . Reciprocally, we added DNA fragments to Pocket or Pocket-T complex. No eect of T addition was observed in the DNA pull-down assay (Figure 6c ). Results of DNA binding were similar when we used GST-W2-34-, which bound T more eciently, and used larger DNA fragments of 1444 ± 2686 base pairs (data not shown).
BRCT-W1 can form large complexes.
Puri®ed GST-BRCT-W1 fusion showed a smear oligomerized pattern when the sample was eluted with SDS and boiling ( Figure 6d, lane 2) . The GST-W2-34-, GST alone and other GST-W regions did not show this pattern (Figure 6d , lanes 3 ± 6, and data not shown). An MBP-BRCT-W1 fusion protein showed a clearer oligomerized (polymerized) pattern stabilized by heating (Figure 6e ). The Rb protein was already shown to polymerize even in the presence of SDS and a reducing reagent, and the region for polymerization located in the N-terminal unidenti®ed region (Hensey et al., 1994) . Our results suggested that BRCT-W1 in the N-terminal region was responsible for the polymerization. This was consistent with the ®nding that BRCT regions of TopBP1 also polymerized only under native conditions (Yamane and Tsuruo, 1999) and that BRCT-W1 of Rb showed the smear retardation pattern (Figure 3b ). Since some other BRCT-W regions also Figure 6 Protein containing pocket A and B produced in Escherichia coli is correctly folded to bind a viral polypeptide. (a) The GST-W2-34-protein ®xed on beads was incubated with puri®ed large T antigen produced in a baculovirus system or with bovine serum albumin for 378C for 5 min. The beads were washed with buer D three times, and eluted with reduced glutathione. (b) GSTPocket was used for the binding experiments in a. DNA fragments (1.0 ng) were added prior to the experiments (lanes 4 and 5). (c) The GST pull-down assay was performed with GST-Pocket and GST-Pocket-T antigen complex formed in b. (d) Puri®ed proteins (2 mg) on glutathione beads were eluted with reduced glutathione or with the addition of 10 ml of gel loading buer (Laemmli, 1970) and heated at 1008C for 5 min. Positions of a dimer (2) and a trimer (3) showed these patterns (Figure 3b) , they might also polymerize under native conditions. The highly polymerized regions often showed stronger DNA binding activity (Figure 3b , lane 5 and Yamane and Tsuruo, 1999) .
Two small independent regions in BRCT-W1 can show DNA-binding activities
We further deleted W1 region to identify small DNAbinding regions (Figure 7a ± c) . Surprisingly, large deletions from both N-terminal and C-terminal regions in d2 and d4 did not aect the binding activities detected in the GST pull-down assay. Two fragments, d5 and d6 were active independently (Figure 7c ). The strongly conserved region containing a key residue, W, was essential in a ®nal deletion set, d8 and d9. To identify the region required for heat-stabilized polymerization, we heated samples to elute the proteins in the presence of SDS (Figure 7d ). All deletions did not show the remarkable polymerization observed in W1. The gel retardation activity was faint in d1 and d2 (Figure 7e ), in spite of the binding activities in the GST pull-down assay (Figure 7c ). The retardation activity was retained even in d6 and d8 deletions and clearly disappeared in d7 and d9 (Figure 7e ).
Discussion
In our previous work, we showed that BRCT regions of TopBP1 and BRCA1 bind DNA breaks. Here, we examined whether the putative BRCT-related region of Rb can bind DNA breaks. The region, designated BRCT-W1, certainly bound DNA fragments, as expected. Surprisingly, we found that Rb family contains ®ve BRCT-W regions, each of which has the capability to bind DNA fragments independently in Figure 7 Two independent regions in BRCT-W1 can show DNA-binding activities. (a) The originally used BRCT-W1 region and its deletion mutants. Numbers of each construct are the amino acid residue numbers. Summarized results of the GST pull-down assay (Pull) and the retardation assay (Ret.) are presented. (b) GST-BRCT fusions were induced in E. coli and ®xed and puri®ed on glutathione-sepharose beads. Proteins were eluted with reduced glutathione and applied on SDS polyacrylamide gel electrophoresis. (c) The pull-down assay was performed with the deletions using pUC19 MspI fragments. (d) Puri®ed proteins on glutathione beads were eluted with addition of 10 ml of gel loading buer (Laemmli, 1970) and with heating at 1008C for 5 min. (e) The gel retardation assay was performed with the eluted proteins vitro (Figure 3a) . Direct structural analysis by electron microscopy unambiguously showed that W2-34-and W1 regions of Rb protein bound DNA ends (Figure 4) . Such speci®c binding properties of BRCT-W regions to the ends of DNA was further supported by resistance of BRCT-W-DNA complex to the exonuclease treatment (Figure 5a ). Another strong evidence compatible to DNA end binding is that some BRCT-Ws did not bind circular DNA which has no ends (Figure 5b) . We also observed DNA fragments with Rb regions attached at internal DNA sites (Figure 4 ). This feature may be similar to that of Ku DNA end binding protein, which initially binds to the DNA end and can slide into internal DNA regions (de Vries et al., 1989) .
Relation to other observations
Our results are supported by several previous observations of independent groups. First, BRCT-W3-W4 regions corresponded to one (residues 612 ± 775) of two DNA binding regions that bound DNA in a sequence-independent manner . (The other region, residues 776 ± 928 did not show remarkable relation to BRCT-W.) However, the authors did not ®nd other DNA binding regions. This could be expected, since their regions expressed in bacteria were insoluble and since the regions were subjected to plural denaturing procedures including exposure to SDS and membrane blotting. The sequence-independent binding was an important feature in both BRCTs and BRCTWs. Furthermore, we predicted and showed that W3 ± W4 would be separable modules by analysis of the primary sequence (Figures 1a and 3a) .
Second, the oligomerizing feature of the full-length Rb (Hensey et al., 1994) was consistent with polymerization of BRCT-W1 (Figure 6e ). The polymerization of BRCT-W and the original BRCT was a remarkable feature. Recently, polymerization of Rad52, a DNA end-binding protein was shown to play a role in the proteinous bridges between DNA breaks (Van Dyck et al., 1999) . We also observed such a structure, by electron microscopy, although the images were minor (data not shown). A highly polymerized state occasionally showed stronger DNA binding activity (Yamane and Tsuruo, 1999) . W1 had the additional feature of the polymerization that was stabilized by heating in the presence of SDS and 2-mercaptoethanol. This was not observed in other BRCT-Ws or BRCTs of TopBP1 and BRCA1. This polymerization stabilized with SDS, resistance of polymerization to reducing reagents and the location of this factor in the N-terminal region were also consistent with previous experiments (Hensey et al., 1994) . We showed further that some (but not all) other regions also polymerized under native conditions (Figure 3b) . Third, our results are consistent with the novel cell cycle checkpoint function of Rb (Harrington et al., 1998) . Rb inhibited G1/S transition when cells were treated with anti-cancer drugs that damage DNA. The molecular mechanism of this checkpoint regulation in Rb should be further investigated, including dependencies on p53 and p21 pathways. We propose that Rb detects DNA damage directly with its BRCT-Ws to transduce damage signals.
Finally, BRCTs were found in proteins involved in G1/S and G2/M checkpoints. Fission yeast Cut5 with 4 BRCTs is most similar to human TopBP1 with 8 BRCTs, and is essential for both checkpoints (Saka et al., 1994) . We indicated DNA break binding activity of BRCTs in TopBP1 and BRCA1 and that BRCT-Ws also had the activity. Our results suggest functional consistency in structures of BRCT and BRCT-W.
Cleavages of Rb and PARP during apoptosis
Rb has anti-apoptotic function (Wang et al., 1997) , and is cleaved during apoptosis (Tan and Wang, 1998) . The DNA break binding activity of BRCT-Ws may consistently explain these phenomena. Poly(ADPribose) polymerase (PARP) is also cleaved during apoptosis. This cleavage is used for the reliable and famous marker of apoptosis. We designated the BRCT-related region of PARP (and its family) BRCT-G, since G boxes are characteristic and conserved (Figure 1c ). Since plural regions had DNA binding activity in BRCT-W1 (Figure 7) , BRCT-G without the W box may also have the activity. PARP also binds DNA breaks to its zinc ®nger (Molinete et al., 1993) . We report here surprising parallel phenomena in cleavages during apoptosis and the presence of BRCT-related regions in both proteins. The DNA damage binding activity of PARP and Rb would resist DNA fragmentation during apoptosis. This may be a serious problem in DNA damage-induced apoptosis. Therefore, PARP and Rb may be cleaved for inactivation during apoptosis, although direct evidence is still lacking. TopBP1 possesses both 8 BRCT regions and one BRCT-G region (residues 397 ± 482).
Protein-and DNA-binding activity in Rb SV40 large T antigen bound GST fusions containing the pocket regions A and B produced in bacteria (Figure 6a,b) . GST fusions with the pocket regions A and B produced in bacteria was shown to be correctly folded to bind an LXCXE peptide, and the structure with the peptide was determined by X-ray crystallographic analysis (Lee et al., 1998) . This suggested that the DNA binding of the protein was not nonspeci®c aggregation of the unfolded protein.
We assume that the pocket regions may be essential for some physiological functions since T antigen binding is an important activity linking to physiological functions of Rb. Using a protein containing pocket regions, we indicated that T antigen binding function was independent of DNA binding function and vice versa (Figure 6 ).
We showed that DNA binding of BRCT-W was sequence-independent by the GST pull-down assay. However, BRCT-W1 and W4 showed retardation activity with DNA longer than 190 base pairs ( Figure  3b) . Further, weaker retardation activity with shorter DNA was also clearly observed (Figure 7e ). Our results indicated that general retardation assay using short nucleotides may fail to detect the activity and that some regions might not show the retardation activity even using long DNA, as described below. The BRCT-W1 and W4 did not bind intact circular DNA, indicating that binding to DNA fragments was not non-speci®c aggregation (Figure 5b ).
To our surprise, the DNA-binding and retardation activities were retained in two short regions, 182 ± 200 and 81 ± 180 (Figure 7 ). This information is important to recognize novel BRCT regions of other proteins.
The retardation activities of the d1, d2, W2 and W3 regions were faint or not detected, in spite of their normal activities in the GST pull-down assay. The d1 and d2 regions included d5 and d8 regions that were active in the retardation assay. The pull-down assay was partly more sensitive as described above. Taken these information together, we speculate that a DNA-BRCT complex was formed but was not resistant to separation by electrophoresis in the d1, d2, W2 and W3 regions.
We performed deletion of the W1 region to assess the appropriate alignments of BRCT-Ws. This is important since the alignments of ®ve BRCTs with weak similarity would be doubtful, if the conserved residues were dispensable. We successfully showed that a short region containing a conserved W (Trp) residue showed the activity (Figure 7, d8 and d9) . Unexpectedly, the smear retardation pattern from the top of a gel associated with in d8, the smallest active deletion, suggesting that multimerization is not separable from DNA binding activity.
It is highly possible that some Rb mutants by single amino acid substitutions show DNA break binding activity, since ®ve BRCT-Ws showed the activity independently (Figure 3 ). Those mutants may be impaired in eector molecule signaling. Both DNA break binding activity and eector molecule signaling regions may be required for tumor suppressive functions.
Mechanisms of tumor suppression and of checkpoint regulation
As described in the Introduction (1 ± 5), BRCTs are exceptionally common relating elements in tumor suppressions. Therefore, although the discovery of tumor suppressors seemed to change the old concept of oncogenesis, the concept of tumor suppression may be fundamentally changed if the function of BRCT is elucidated clearly. We have already proposed a mechanism of tumorigenesis by tumor suppression release, judging from the association of BRCTs in major tumor suppressors (Yamane and Tsuruo, 1999) . A certain defect of proteins with limited BRCTs (Introduction, 1 ± 5) would result in partial defects of DNA repair or cell-cycle arrest after DNA damage. These states elevate random mutation rates, leading to accumulation of the mutations required for multistep carcinogenesis (a mutator hypothesis). Another mutator hypothesis is supported by evidence about a tumor suppressor Msh2, which is a mismatch repair protein frequently mutating in hereditary nonpolyposis colorectal cancer (Cranston et al., 1997) .
Interesting information may be provided by many Rb-binding proteins. Besides involvement in dierentiation, some binding proteins may regulate a cell cycle checkpoint whose signals derive from binding of BRCT-Ws to DNA breaks. For example, Rb may interact with a replication licensing factor (Sterner et al., 1998) to transduce damage signals for replication inhibition. We expect that Rb actively regulates a checkpoint, in addition to passive regulation by phosphorylation.
It is well known that BRCTs found in DNA repair enzymes and checkpoint proteins are protein-binding motifs. For example, the BRCT-binding protein in XRCC1 is DNA ligase III (Kubota et al., 1996) . This is symbolic since a BRCT protein and the ligase are suggested to cooperate in DNA repair. The ligation frequently constitutes the ®nal step in DNA break repair. The pocket regions of Rb are bifunctional in DNA binding and protein binding (Figure 6 ). It remains to be determined why the BRCT family plays a multifunctional role. DNA damage initiates some relay cascades in cells. The ®rst goal is completion of DNA repair at the damage site. BRCTs of dierent proteins may hand the damage site several repair proteins in succession. The sequence diversity in the BRCT family may be explained by the small region required for the DNA-binding function (Figure 7) and by the multifunction of BRCTs. The second goal is cell cycle arrest. For example, a binding protein of Cut5 with four BRCTs is Chk1 (Saka et al., 1997) , which regulates the Cdc2 kinase through Cdc25. An alternative third goal is apoptosis composed of the caspase cascade, when damage is irretrievable. For example, p53 involved in apoptosis is a BRCT-binding protein of BRCA1 and 53BP1. The speculation described here will be examined in further detail in the future.
Materials and methods
Identification of new BRCT-W regions
We searched the Rb protein for W residues, which were characteristic in BRCTs, with a short hydrophobic cluster at its C-terminal side. W0, W2 and W3 were found. After alignment with Rb family, the W was not absolute since W2 of p130 substituted F for W. Therefore, we searched F residues with the cluster. W4 was found. Our ®ndings were the presence of the K box and lack of the TH/VV box in BRCT-Ws. Major revisions were that the old G box was transferred to the F box and that the old F box in W1 was transferred to the W box in W0 (Figure 1 and Bork et al., 1997) . Identity in the W box of Rb in BRCT-W1 (30 residues) was 10% in W0, 16% in W2, 10% in W3 and 0% in W4.
Construction of GST fusion proteins
Primers (Biologica) to amplify a gene coding for BRCT-W1 are listed below: W1 primer: 5'-CCCGGGAGTTTCATCT-GTGGATGGAGTATTGGGAGG-3' W1R primer: 5'-CTC-GAG AGGTGAGAGTTTAATAAAATAGTCAAGGAC-3'. The gene coding for the W1 region was ampli®ed by a polymerase chain reaction using primers W1 and W1R, with a cDNA mixture (Marathon, Clontech) as a template. The ampli®ed fragment was cloned into pCR2.1 (Invitrogen) and was cloned again into pGEX-5X-1 (Pharmacia), using the SmaI and XhoI sites introduced to the 5' end of the primers to construct the GST-W1 fusion gene. The fusion site contained a cleavage site of factor Xa. These same procedures were performed using primers (approximately 30 mers) corresponding to amino acid termini presented in Figure 2 . The sequences of those primers will be supplied upon request. All ampli®ed sequences were con®rmed by DNA sequencing.
The gene coding for the W1 region was deleted with similar procedures using PCR with the GST-W1 gene as a template. Truncation around residues 180 ± 182 was performed using EcoRV site. All ampli®ed sequences were con®rmed by DNA sequencing.
Production and purification of GST fusion proteins
To produce glutathione S-transferase (GST) fusion proteins, E. coli JM83 (Vieira and Messing, 1982 ) carrying a fusion gene was cultured until optical density at 600 nm reached 0.7. This culture was shaken in the presence of 0.34 mM isopropyl-b-D-thiogalactopyranoside (IPTG) in 500 ml of L broth for 4 ± 5 h at 20 ± 308C. Collected cells were then sonicated in 10 ml of lysis buer (10 mM Tris-HCl, pH 7.7, 0.5 M NaCl, 1 mM EDTA) containing 10 mg of phenylmethanesulfonyl¯uoride. After centrifugation, the lysate was incubated with glutathione sepharose 4B beads (150 ml of 50% slurry, Pharmacia) at 48C on a slowly rotating mixer for 10 min. The beads were washed three times with 10 mM TrisHCl, pH 7.7, 2 M NaCl, 10 mM EDTA, 0.5% Nonidet P40 (buer C) and then washed with 10 mM Tris-HCl, pH 7.7, 0.5% Nonidet P40 (buer D). To quantify proteins, they were subjected to 5 ± 20% gradient polyacrylamide gel electrophoresis, stained and quanti®ed with Coomassie blue R-250, with egg white lysozyme as a standard. For example, 6 mg of W1 fusion was puri®ed from a 500-ml culture. Puri®ed proteins on the beads were stored at 7208C until two weeks, in the presence of 50% glycerol in buer D.
Preparation of labeled DNA fragments
The fragments of pUC19 (Vieira and Messing, 1982 ) (2.0 ng) generated with MspI or with TthHB8I were labeled with 10 ± 30 mCi a-32 P-dCTP (3000 Ci/mmol) and 8.3 units of Klenow enzyme in the accompanying buer (Toyobo). Alternatively, pUC19 DNA was digested with EcoO109I. The generated DNA fragments were dephosphorylated with bacterial alkaline phosphatase (Toyobo). DNA fragments (30 ng) were labeled with 10 ± 30 mCi g-32 P-ATP (3000 Ci/mmol) and 15 units of T4 polynucleotide in the accompanying buer (Fermentas). After phenol treatment, and ethyl ether extraction, unincorporated labels were removed by gel ®ltration. Circular DNA was prepared by ligation of labeled EcoO109I fragments and was digested again with SmaI and with PstI to generate dierent ends.
GST pull-down assay of DNA fragments
The proteins (20 ng) on glutathione beads (35 ml of 50% slurry) were incubated with labeled DNA (20 pg) at 378C for 10 ± 15 min, with occasional mixing. The beads were washed three times with buer D. Proteinase K (1 ml of 10 mg/ml) was then added directly to samples and incubated for 15 min at 378C. Sample loading dye (50% glycerol, 16TBE, bromphenol blue, xylene cyanol) was added and loaded onto 7% polyacrylamide, 0.24% N, N'-methylenebisacrylamide nondenaturing gel in the TBE buer. The gel was analysed with a FUJIX BAS 2500 image analyser.
Gel retardation assay
The puri®ed GST-fusion protein on glutathione beads was incubated twice with 300 ml of 10 mM reduced glutathione, 50 mM Tris-HCl, pH 9.1, at room temperature for 10 min. After neutralization with 1 N HCl, eluted proteins (20 ng) were concentrated and labeled DNA fragments (20 pg) were added to a total volume of 20 ml then incubated for 10 min at 37 8C. The sample loading dye (2 ml) was added, and directly loaded onto the non-denaturing gel. Electrophoresis was performed at a constant 200 V.
Exonuclease digestion
DNA fragments were incubated with GST-fusion that were ®xed on beads and washed, as described for pull-down assay with a twofold scale (70 ml of 50% slurry). Halves (35 ml) of these samples were mixed with 35 ml of 0.25 unit of BAL31 (Takara), 2 mM Tris-HCl, pH 8.0, 60 mM NaCl, 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 0.1 mM EDTA, and then incubated for 10 min at 228C. The reaction was stopped by adding of 10 ml of 250 mM EDTA.
Electron microscopy
The GST fusions were digested with factor Xa (Boehringer Mannheim) at a fusion site. Removal of GST portion signi®cantly enhanced the DNA-binding activity of the protein, probably due to a release from the steric hindrance by GST, which could form a dimer by itself. The following procedures were carried out according to the published protocol (Lee et al., 1995) with some modi®cations. In brief, the released protein (240 nM) was incubated with DNA fragments (an EcoO109I ± HindIII fragment of pUC19, 459 base pairs, 8.7 nM), in 10 mM Na-phosphate, pH 7.3, 0.5% Nonidet P40, for 5 min at 378C, in the presence of 3.0 mM spermidine to prevent non-speci®c binding. The mixture was ®xed with 0.4% glutaraldehyde for 10 min at room temperature to stabilize the speci®c complex. Remaining detergent and the ®xative were removed by passing the solution through Extracti-gel (Pierce) equilibrated with 10 mM Na-phosphate, pH 7.3. The sample was concentrated and desalted by gel ®ltration (Centri-sep, Princeton Separations, equilibrated with water). The sample (3 ml) was then mixed with an equal volume of 2 mM ammonium acetate, 87% glycerol (Merck), and was immediately sprayed onto the surface of freshly cleaved mica. Following rotary-shadowing with Pt/C (elevation angle; 6 degrees) and backing with pure carbon, replicas were¯oated o and picked up onto coppergrids (Ito et al., 1999) . The specimens were examined and the images were recorded with JEM-2000ES electron microscope (JEOL) at 80 KV acceleration voltage.
